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Mixed convection in a vertical annulus filled with a saturated porous medium is 
numerically and experimentally investigated. Calculations are carried out under the 
traditional Darcy assumptions and cover the ranges 10 <Ra<200 and 0.01 
<Pe<200. Both numerical and experimental results show that the Nusselt number 
increases with either Ra or Pe when the imposed flow is in the same direction as 
the buoyancy-induced flow. When the imposed flow opposes buoyancy-induced 
flow, the Nusselt number first decreases with an increase of the Peclet number and 
reaches a minimum before increasing again. Under certain circumstances, the Nusselt 
number for a lower Rayleigh number may exceed that for larger value. Nusselt 
numbers are correlated by the parameter groups Nu/Pe1'2 and Ra/Pe3'2. Good 
agreement exists between measured and predicted Nusselt numbers, and the occur-
rence of a minimum Nusselt number in mean flow that opposes buoyancy is verified 
experimentally. 
Introduction 
An understanding of the convective heat transfer in porous 
annuli is essential for its numerous applications in geophysics 
and energy-related problems, such as insulation of buildings 
and pipes, design of regenerative heat exchangers, and thermal 
energy storage systems. Recently, it has received considerable 
attention for its application in the deep geological disposal of 
high level nuclear waste. In a proposed repository, a waste 
canister surrounded by crushed rock (the "engineered" barrier 
to radionuclide release) can be adequately modeled as a porous 
annulus. If the repository is flooded by groundwater, mixed 
convection at low Peclet number is the probable heat transfer 
mechanism. 
Unlike the literature on natural convection in vertical annuli 
and channels, the literature on the present problem is scant by 
comparison. Parang and Keyhani (1987) have obtained closed-
form solutions for the special case where the inner and outer 
walls are heated by uniform but unequal heat fluxes. Fully 
developed flow under the Darcy-Brinkman formulation was 
considered, and wall effects were parameterized by the group 
eAy2Da. Their solutions indicated that, for certain values of y 
and heat flux ratio, the heat transfer coefficient on one of the 
walls may diminish. 
Clarksean et al. (1988) conducted an experimental and nu-
merical study of mixed convection for a large gap (7 = 11) 
annulus for which the inner cylinder is adiabatic and the tem-
perature of the outer cylinder is constant. The study was mo-
tivated by the development of geothermal energy extraction 
techniques. For 0.05 < Ra/Pe < 0.5, Nusselt numbers were 
proportional to (Ra/Pe) - 0 '5 , which indicated that forced con-
vection dominated the heat transfer mechanism. Reda (1988) 
also investigated mixed convection for large radius ratio (7 = 
23.7). Using the total disappearance of buoyancy-induced up-
flow as a criterion and results of both experimental and nu-
merical analyses, he concluded that the transition from mixed 
to forced convection in opposing flow occurs when Ra/Pe = 
0.5, regardless of the heated length or power input. However, 
the results for aiding flows and the heat transfer coefficients 
were not presented. Recently, Choi and Kulacki (1992) nu-
merically investigated inertial and viscous effects for the same 
geometry. They observed an increase of the Nusselt number 
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due to the viscous and inertial effects in a limited range of the 
Peclet number for opposing flows. 
Muralidhar (1989) has numerically examined the effects of 
a superimposed mean flow in the direction of buoyancy-in-
duced flow ("aiding" flow) in an annulus with constant tem-
perature inner and outer walls (T, > T0). He considered the 
Darcy flow model for 0 < Ra < 500 and 0 < Pe < 10 for 
height gap = 10 and 7 = 1 (/•„//•,• = 2). Generally, Nusselt 
numbers occurred for 0 < Pe < 1. Muralidhar's results in-
dicate that the region of mixed convection is defined by Ra > 
100 and 0 < Pe < 10. 
The purpose of the present study is to examine the influence 
of both aiding and opposing external flows on the buoyancy-
induced natural convection in vertical porous annuli. The ef-
fects of radius ratio are taken into account in a numerical 
study. Measurements of heat transfer coefficients in aiding 
and opposing flows cover the free to forced convective heat 
transfer regimes. 
Formulation and Numerical Method 
The geometry considered is a vertical porous annulus in 
which a constant-flux heat source of finite length is located 
on the inner cylinder, while the outer cylinder is cooled at a 
constant temperature. The porous medium is assumed to be 
fully saturated and to possess homogeneous and isotropic 
properties. A pressure-driven external flow, either with or op-
posite to buoyancy force, is maintained through the porous 
channel. The physical and mathematical models are sketched 
in Fig. 1. In the present study, the heater length equals the 
annular gap. 
Based on the Darcy law and Boussinesq approximation, the 
dimensionless governing equations are 
1 drp\ , d ( 1 dyj/\ _ _ R a 30 
Pe dR dR \yR + 1 dR dZ \yR + 1 dZ 
(1) 
dR \ dZj dZ \ dRt 
d ( d0~) 3 ( _ ddl 
^[{l+yR)^\+3z{il+^Jz\ 
where Ra, Pe, and coordinate variables are based on D. 
Boundary conditions are 
= Pe 
(2) 
Journal of Heat Transfer FEBRUARY 1992, Vol. 114 / 143 
Copyright © 1992 by ASMEDownloaded From: https://heattransfer.asmedigitalcollection.asme.org on 07/02/2019 Terms of Use: http://www.asme.org/about-asme/terms-of-use
Outer 
Cylinder 
t t t t 






(b) T v 
•c vo 
Fig. 1 A vertical porous annulus with a finite heat source of a length 
H = D: (a) Schematic figure, (b) Two-dimensional model with aiding ex-
ternal flow. 
R = 0 
ZX<Z<Z2: \jy = 0, — = - 1 
dR 
0<Z<Z, 90 z^zA/rt ^ = 0' ^=° 
R=\, 0 <Z<L/D: 
6 = 0, 
\j/ = 1 + -z for opposing flows 
(3a) 
1+ - I for aiding flows, 
(3b) 
where the downstream boundary conditions are based on the 
fact that the flow becomes parallel again after releasing a large 
portion of energy to the outer wall far downstream of the heat 
source, i.e., axial conduction is negligible for downstream 
(Roache, 1975). 
In computation, the upper and lower boundaries should be 
located far enough from the heat source to satisfy the above 
boundary conditions. A series of numerical experiments in-
dicate that the improvement in the Nusselt number is less than 
2 percent when the distances from the upper and lower ends 
of the heat source to the upper and lower boundaries are greater 
than seven and four times the heater length, respectively. For 
the present numerical study, distances of fifteen and five times 
the heater length are allowed for the upper and lower bound-
aries. With these choices, the boundary conditions are well 
satisfied at reasonable computational cost without sacrificing 
accuracy. However, the minimum distances have been chosen 
for the experimental apparatus, which will be described later, 
in order to reduce the cost of materials. It should be noted 
that Ettefagh and Vafai (1988) and Vafai and Ettefagh (1990) 
numerically tested the boundary conditions in open-ended cav-
ities. The latter, in particular, investigated the effect of a spatial 
domain extension by increasing the size of the open-ended 
region. Through their extensive numerical experiments, they 
found that the heat transfer results were independent of the 
computational domain beyond a certain extension. 
A finite difference method has been employed to solve the 
governing equations given above. The dimensionless equations 
are discretized using the control volume approach (Patankar, 
1980). The convergence criterion, f, has been determined from 
a series of numerical calculations, i.e., 
\X" ' max "^ V» (4) 
0<R<\: 




, = 0> 
dd 
IZ = L/D: -£ = 0, - = 0 
dZ dz 
dip dd 
^Z = L/D-4=(R + 1 J - \ , 9 = 0 
> for aiding flows 
> for opposing flows 
(3c) 
N o m e n c l a t u r e 
Ah = area of the heat source, m
2 
Acs = cross-sectional area of the 
porous annulus, m2 
d = dimensionless average parti-
cle diameter 
D = gap width = r0 - r„ m 
Da = Darcy number = K/D2 
h = heat transfer coefficient, W/ 
m2K 
H = heater length, m 
k = thermal conductivity, W/mK 
K = permeability of porous me-
dium = e V 7 l 8 0 ( l - e ) 2 , m2 
Nu = Nusselt number = hD/k„, 
P = pressure, Pa 
Pnet = net power, W 
Pe = Peclet number = VgD/a 
q = uniform heat flux, W/m2 
Q = flow rate, m3/s 
r = cylindrical coordinate, m 
R = dimensionless distances on r 











Rayleigh number for porous 
medium, gfikLPq/avk,,, 
temperature, °C 
r and z direction dimensional 
velocity, m/s2 
/^-direction dimensionless ve-
locity = ( 1/(1 +yR)) (dxP/dZ) 
Z-direction dimensionless ve-
locity [ -1/ (1+ 77?)1 (&V/ 
dR) 
inlet velocity m/s 
vertical coordinate, m 
bottom of the heater, m 
top of the heater, m 
dimensionless distance on z 
axis = z/D 
thermal diffusivity of porous 
medium = k„,/pC, m2/s 
coefficient of thermal expan-
0/-1 — 1 
sion, C 









= convergence criterion 
= dimensionless temperature 
(T- Tc)/{qD/km) 
= dynamic viscosity, kg/m • s 
= kinematic viscosity = p/p, 
m2/s 
= density of fluid, kg/m 









= cold outer wall 
= fluid 
= heat source 
= inner cylinder 
= porous medium 
= outer cylinder 
= solid 
= average 
N = number of iteration 
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Fig. 2(a) Experimental apparatus, (o) Arrangement of heaters on the 
inner cylinder. 
where X denotes either the dimensionless temperature or the 
stream function. When f is less than 10"4, it is observed that 
no significant change in Nusselt number is achieved and the 
change in the maximum and minimum values of either stream 
function or dimensionless temperature is always less than 0.5 
percent. 
An iterative scheme with under/overrelaxation has been 
adopted to improve convergence. Both the stream function 
and the dimensionless temperature are overrelaxed for low 
Peclet numbers. Since the convergence of the solution pro-
cedure also depends on initial guesses for the dependent vari-
ables, reasonable selections of initial values are important. For 
the present study, the proper specification of the stream func-
tion reduces the number of iteratives, while initial values of 
the dimensionless temperature do not affect Nusselt number 
significantly. For all the present calculations, therefore, a sec-
, ond-order function in R has been used for the stream function, 
while dimensionless temperatures are taken as zero initially 
throughout the domain. A uniform grid (26x626) has been 
LOCATION OF GAGE 20 THERMOCOUPLES 
(0.8118 mm DIAMETER) 
LOCATION OF GAGE 36 THERMOCOUPLES 
(0.1270 mm DIAMETER) 
1 
E 
I S9.8 ' ) I 
29.9 
t STRIP HEATERS 
[SCALE: mm] 
OUTER CYLINDER INNER CYLINDER 
Fig. 3 The arrangement and the position of thermocouples 
used since further refinement on the grid size, e.g., 31 X751, 
improves the Nusselt number and maximum stream function 
by less than 0.3 percent. An overall energy balance has been 
used as an additional check on the accuracy for each calcu-
lation. For the present study, it is satisfied to within 2 percent 
for all values of Ra and Pe. The solution procedure and results 
of numerical calculations to determine the convergence cri-
terion and grid size are omitted here for brevity. Computations 
are performed on a CYBER 205 supercomputer after vecto-
rization of the numerical code. Additional details are given by 
Choi (1990). 
After converged values of \p and 6 are obtained, heat transfer 
results are summarized in terms of the overall Nusselt number. 
The overall Nusselt number based on the gap width, D, is 
computed from Nu = (0)/,~'. For brevity, the term "overall" 
will be omitted from this point on. 
Experimental Apparatus and Procedure 
The design of the apparatus is shown in Fig. 2. The outer 
cylinder has been constructed of a 1066.8 mm X 304.8 mm 
i.d. (12 in. i.d.) aluminum alloy tube with a 4.8 mm wall 
thickness. The constant-temperature boundary condition is 
maintained by circulating cooling water through copper tubing, 
which was wrapped around the outer cylinder and soldered in 
place. The deviation from the average temperature, Tc, along 
the outer cylinder is within ±0.3 °C. The lower cylinder is 
made of 203.2 mm x 304.8 mm i.d. aluminum tube. To ob-
serve and remove the trapped air due to the accumulation of 
air bubbles, a transparent Plexiglass tube has been used for 
the upper cylinder, and its size is the same as that of the lower 
cylinder. The upper and lower cylinders serve as an entrance 
or an exit depending on the flow direction, and flow straight-
eners (tube bundles) are installed to maintain a uniform flow 
in the entrance section. To minimize the influence of room 
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Fig. 4 Streamlines for aiding flow. Ra = 50, y = 1. (a) Ai/< = 2, (b) A^ = 0.3, 
(c) A0 = 0.15, (d) A^ = 0.15. 
0.1 1 Pe 5 10 
Fig. 5 Isotherms for aiding flow. Ra = 50, y = 1. (a)-(d) Afl = 0.03. 
temperature variations, the outer cylinders are wrapped with 
insulation. A 1270 mm x 152.4 ram o.d. x 6.35 mm thick 
Plexiglas tube has been used as a main inner cylinder. It is 
supported by a 181.2 mm x 152.4 mm o.d. brass cylinder. 
Six strip heaters, each 482.6 mm x 25.4 mm, are mounted on 
the grooved surface of the main inner cylinder to serve as heat 
sources. Each is designed to provide a uniform heat flux and 
0.1 1 Pe 5 10 
Fig. 6 Streamlines for opposing flow. Ra = 50, y = 1. (a)A^ = 2, (b)A^ = 0.3, 
(c)A^ = 0.15, <d)A^ = 0.15. 
0.1 1 Pe 5 10 
Fig. 7 Isotherms for opposing flow. Ra = 50, y = 1. (a)-(d) A0 = 0.03. 
is individually controlled. For the present study, the heaters 
numbered 3,4, and 5 in Fig. 2 are used. To avoid radial and 
axial heat conduction, a layer of polystyrene insulation has 
been installed between the heaters and grooved surface. 
Duplex insulated copper-constantan (type T) thermocouples 
have been used for all temperature measurements, and Fig. 3 
illustrates their arrangement in the apparatus. Since the cal-
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culation of Nusselt numbers requires the knowledge of average 
surface temperature of the heater, seven thermocouples are 
placed on the surface of each heater. To minimize the inter-
ference to the flow field, fine gage thermocouple wires (36 Ga, 
0.1270 mm dia) have been used. Five arrays of eight ther-
mocouples are used to measure the temperature of the outer 
cylinder, and relatively thick thermocouple wires (20 Ga) are 
used. 
Thermocouple junctions are attached to the surface of the 
heater and the main outer cylinder by applying high-temper-
ature, high-thermal-conductivity epoxy adhesive. Additional 
details of the experimental apparatus, its operation, and related 
instrumentation and data processing are provided by Choi 
(1990). 
Experiments have been performed using randomly oriented 
3-mm-dia glass beads and water to comprise the porous me-
dium. A series of tests indicates that the accuracy of each 
temperature reading is within ±0.2°C, and the fluctuation of 
each thermocouple reading is less than 0.05 °C. The permea-
bility used in the calculation of Ra is based on the Kozeny-
Carman equation, and the thermal conductivity is based on 
the mean thermal conductivity, km based on the mixture rule 
km = ekf+(l-e)ks. (5) 
It has been reported that this model, although simple in form, 
gives very responsible values of the stagnant thermal conduc-
tivity as long as there is no significant difference between kf 
and ks. In the present experiments, 0.63 < kj/ks < 0.65. 
Values of temperature used to determine dimensionless 
groups are averages of three readings over a five minute period. 
In the calculation of the Nusselt, Rayleigh, and Peclet numbers, 
the values of fluid properties are determined at the average 
fluid temperature (Tc+ Th)/2. The net power to the heaters, 
Pmt, is used in calculating the Rayleigh and Nusselt numbers. 
Thus, 
R a = i^^ a n d N u = _£4_ . 
vakmAh Ah(Th- Tc)km 
The Peclet number is determined from 
where Q and Acs denote the flow rate of forced flow and the 
cross-sectional area of the annulus, respectively. 
After the preparation of the test section is completed, power 
to the heaters and variable speed micropump are turned on. 
Voltages supplied to the heaters are carefully controlled to 
obtain a desired Rayleigh number, while the micropump is 
adjusted to achieve a desired flow rate through the annulus. 
To achieve the constant temperature, Tc, along the outer cyl-
inder, the flow rate of cooling water is controlled carefully, 
and deviations from the average temperature along the outer 
cylinder are generally within ± 0.3 °C at steady state. Suf-
ficient time, typically three to twelve hours, has been allowed 
in order to let the system reach a steady state. The Nusselt and 
Rayleigh numbers are considered to have reached constant 
values when fluctuations of Th and Tc are negligible. 
Based on the law of summation of fractional errors, esti-
mated experimental uncertainties are 4 percent and 3.9 percent 
for the Rayleigh and Peclet numbers, respectively, while the 
uncertainty for the Nusselt number ranges from 5 to 13.6 
percent. The uncertainty in the Nusselt number is a maximum 
when the temperature difference between the heat source and 
the outer cylinder is minimum; thus, the higher uncertainties 
are generally expected at either the low Rayleigh numbers or 
the high Peclet numbers. 
Results and Discussion 
The effects of aiding and opposing imposed flows on buoy-
ancy-induced convection can be well visualized in Figs. 3-6 at 
c d 
o 1 10 Y o 1 io 
Fig. 8 Curvature effects on velocity and temperature fields for aiding 
flow. Ra = 50. (a), (b) Af = 0.25, {c)At = 0.5, (d)-(f) Afl = 0.03. 
o 1 10 Y o 1 io 
Fig. 9 Curvature effects on velocity and temperature fields for opposing 
flow. Ra = 50. (a), (b)A^ = 0.3, (c) A^ = 0.5, (d)-(f) AS = 0.03. 
Ra = 50. When the Peclet number is small, flow and temper-
ature fields retain the major characteristics of natural con-
vection. With the heat source located on the left side, i.e., the 
inner cylinder, the rotational direction of the recirculation cell 
is clockwise. As the Peclet number increases, an influence of 
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Fig. 10 Nusselt numbers for y = 1 
the flow direction on the location of the recirculating cell is 
observed; i.e., for aiding flows, the cell is pushed toward the 
outer wall (Fig. 4b) as the upflow is swept toward the heat 
source by the clockwise circulation cell. Thus, the cold flow 
directly contacts the surface of the heat source, and the con-
vective heat transfer coefficient is expected to be enhanced as 
Pe increases. 
For opposing flows, the downward throughflow again fol-
lows the clockwise natural convection cell and is swept toward 
the outer cylinder surface. Consequently, the natural convec-
tion cell is pushed toward the heat source (Fig. 6(b). The 
"trapped" recirculating cell near the heat source raises the 
average temperature of the heat source, and thus the heat 
transfer coefficient is reduced. Reda (1988) also reported sim-
ilar development in streamline patterns as the rate of the down-
flow increases. As the Peclet number increases further, the 
strength of the recirculating cell becomes weaker for both 
aiding and opposing flows (Figs. Ac and 6c). At Pe = 10, the 
natural convection cell finally vanishes (Figs. 5d and Id); this 
indicates the weakening buoyant forces as the momentum of 
the external flow becomes large. As shown in Figs. 5 and 7, 
wall plumes move downstream from the region next to heat 
source as Pe increases. 
Curvature effects on flow and temperature fields are also 
significant, as shown in Figs. 8 and 9. As the radius ratio 
parameter increases, the strength of the convective cell de-
creases considerably for both aiding and opposing flows. Based 
on this observation, it is expected that the convective cell will 
eventually vanish when the radius ratio parameter approaches 
infinity; i.e., the influence of the cold outer wall diminishes. 
Thus, the convective heat transfer coefficient is expected to 
approach an asymptotic value as the radius ratio parameter 
approaches infinity. 
Nusselt number as a function of the Peclet number is shown 
in Fig. 10. The Nusselt number is primarily a function of the 
Rayleigh number in the natural convection regime (Pe<0.1, 
approximately), while it is a function of the Peclet number in 
the forced convection regime (Pe > 50, approximately). 
For aiding flows, as mentioned earlier, the cold external 
flow always contacts the surface of the heat source; therefore, 
an increase in either the Rayleigh or the Peclet number enhances 
the heat transfer coefficient. For opposing flows, the external 
flow always acts against buoyancy, and buoyancy-induced cir-
culation is suppressed and the natural convection cell is trapped 
near the heat source. Such an interaction leads to a reduction 
in the Nusselt number until the cold opposing flow starts to 
contact the surface of the heat source. For Ra = 50, as an 
example, Fig. 10 shows that the Nusselt number reaches a 
minimum point when the Peclet number reaches approximately 
six and seven, or Figs. 6(c, d), imply that the direct contact 
of opposing flow to the heat source starts to occur in the same 
range of Peclet numbers. After this point, the Nusselt number 
increases, since the cold external flow transfers heat away from 
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Fig. 11 Effects of radius ratio on the Nusselt number. Ra = 50. 
the heat source and forced convection eventually dominates 
the flow and the temperature fields. 
Figure 10 further indicates that the deviation of the Nusselt 
number from the natural and forced convection asymptotes 
occurs at the higher Peclet numbers as Ra increases for both 
aiding and opposing flows. It is obvious that stronger forced 
flow is needed in order to influence, or wipe out, the vigorous 
natural convection cell at the high Rayleigh number. It is also 
apparent that the start of mixed or forced convection in aiding 
flow occurs at higher Peclet numbers than those for opposing 
flow. Later the "5 percent deviation rule" by Sparrow et al. 
(1959) will be applied to determine the mixed convection region 
and confirm these observations. 
The effects of curvature on the heat transfer results are 
shown in Fig. 11. It is observed that the enhancement of the 
Nusselt number occurs with an increase in the radius ratio 
parameter. Nusselt numbers increase as 7~10 and eventually 
approach asymptotic values when 7 > > 10, which corresponds 
to the case that the inner cylinder is located in an infinite porous 
medium. Minkowicz and Cheng (1976) reported a similar result 
with a different boundary condition, i.e., the surface temper-
ature of the cylinder varying as the function of a vertical 
coordinate. 
The full range of convective heat transport, from natural to 
forced convection, is covered by the present experiments, i.e., 
0.1 < Pe < 150 and Ra = 50, 100, 150, and 200. The tem-
perature distribution on the heater surface is important in 
obtaining the heat transfer results not only because the Nusselt 
number is inversely proportional to the average dimensionless 
temperature on the heater, but also because the Rayleigh and 
Peclet numbers are functions of temperature-dependent fluid 
properties. In general, the temperature distribution on the 
heater surface is greatly influenced by the power input and the 
velocity of the forced flow. Figures 12(a) and 12(b) demonstrate 
the temperature distribution on the heater surface for selected 
cases. The experimental data are in good agreement with the 
numerical results at the low Peclet number (Pe = 1 and 10), 
and the deviations between these two results are generally within 
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Fig. 12 Temperature variation on the heated surface. Ra = 100. (a) Aid-
ing Flow (b) Opposing Flow. 
10 percent. Dimensionless temperatures decrease as the Peclet 
number increases for aiding flow, but for opposing flow, they 
increase along the heater surface toward the minimum value 
of the Nusselt number (i.e., at Pe = 10). With an increase in 
Pe to 100, the percentage differences in numerically and ex-
perimentally obtained Nusselt numbers are pronounced for 
each case. Clearly, Figs. 12(a) and 12(6) indicate that the ex-
perimental measurements of dimensionless temperature at Pe 
= 100 are larger than the numerical predictions; i.e., the meas-
ured Nusselt numbers are expected to be lower than those 
obtained numerically, which will be discussed later. For op-
posing flows, the maximum temperature on the heated surface 
moves down the heater surface as the Peclet number increases. 
Since forced convection is fully dominant at Pe = 100, the 
maximum and minimum dimensionless temperature points for 
aiding and opposing flows are at opposite points on the heater 
surface. 
For selected cases (Ra = 100 and 200), heat transfer results 
in terms of the Nusselt number on the heated surface as a 
function of the Peclet number are presented in Figs. 13(«, b). 
The experimental data agree quite well with the numerical 
results at the lower Peclet numbers (Pe < 50). The maximum 
difference between the numerical predictions and experimental 
measurements is 15 percent, but mostly they are within 10 
percent. For opposing flow, predictions agree well with the 
measurements near the minimum Nusselt numbers. When Pe 
> 50, the experimental data are 5 to 20 percent less than the 
numerical results. One of the possible reasons for the deviation 
of the data is non-Darcy effects, since the Nusselt number 
generally decreases in this Peclet number range due to the 
viscous and inertial effects, and the difference between the 
numerical results based on Darcy's model and experimental 
data should increase as either Ra or Pe increases if non-Darcy 
effects are the main reason (Choi and Kulacki, 1992); In gen-
eral, the Darcy model is considered to be valid as long as the 
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Fig. 13 Comparison of predicted and measured Nusselt numbers, (a) 
Ra = 100(b) Ra = 200. 
does not exceed unity (Cheng, 1985; Bejan, 1987). For the 
present study, the maximum Reynolds number is less than 
10"2; therefore, viscous and inertial effects are not the primary 
reason for the deviation from the numerical results. 
In the present experiments, (Th- Tc) generally decreases as 
the Peclet number increases, and it is observed that the ex-
perimental data are widely scattered and lower than the nu-
merical results when (Th- Tc) < 30°C as mentioned earlier. 
Therefore, the measurement error in temperature readings due 
to the decrease of (Th- Tc) may be a major reason for the 
increase of the deviation at higher Peclet numbers. It should 
be noted that relatively cold cooling water (5°C< JT C <8°C) 
has been used for the high Peclet number range in order to 
increase the temperature difference and improve the accuracy 
of experimental results. 
Another possible cause of the deviation is due to the stagnant 
thermal conductivity (km) at the high Peclet numbers. Prasad 
et al. (1985) proposed a model to obtain the effective thermal 
conductivity in order to explain the deviation of the experi-
mental data at the very high Rayleigh numbers range for nat-
ural convection in a vertical porous annulus. Such a model 
can be valid if other possible errors of the experimental data 
are fully explained and corrected. However, the model has not 
been adopted here since part of the error may be due to the 
small difference between Th and Tc. 
The numerical heat transfer results can be reduced to cor-
relations between Nusselt, Rayleigh, and Peclet numbers for 
7 = 1, 0 < Pe < 200, and 50 < Ra < 200. Correlations are 
sought in the form 
c3 Nu 
Pe0 = Pe' 
(8) 
The constant a can be obtained from [d (InNu) /d {InPe) ] in the 
forced convection region where ln(Nu) depends linearly on 
In (Pe); therefore, a - 1/2 from Fig. 10. Through a regression 
analysis of the numerical results based on Darcy's law, the 
constant b = 3/2. In the limit of natural convection (Pe — 
0), the above correlation shows that the Nusselt number de-
pends approximately on Ra1/3, while the influence of the Peclet 
number is negligible. In the mixed convection regime, the pro-
posed form gives an excellent regression line for aiding flows. 
However, for the opposing flows, the regression line does not 
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Fig. 14 Comparison of numerical correlation and experimental data, (a) Aiding Flow (b) Opposing Flow. 
fit the numerical data for 0.1 < Ra/Pe3 /2 < 10, although the 
correlation gives good agreement between experimental data 
and numerical predictions in the natural and forced convection 
limits. This is primarily due to the decrease of Nu/Pe in the 
mixed convection region. After a series of trials of possible 
correlation equations, it is found that the results can best 
correlated in the following form: 
Nu 
Pe0 = 













Here, the second-order function corrects the discrepancy, and 
an exponential function restricts the influence of the second-
order function in 0.1 < Ra/Pe3 /2 < 10. Therefore, the ad-
ditional term on the right-hand side of Eq. (9) is negligible in 
the natural and forced convection limits. For aiding flow, 
regression lines are nearly the same as expected. Both figures 
indicate that the experimental data in the form of Nu/Pe l / 2 
are in good agreement with the regression lines in the mixed 
and natural convection regime, i.e., 1 < Ra/Pe3 /2 < 105, while 
the experimental data are consistently lower than the numerical 
predictions as the flow approaches the forced convection re-
gime (Ra/Pe3/2 — 0). This is primarily due to the difference 
between the numerical predictions and measurements at high 
Peclet numbers (Fig. 13). 
The dependence of the mixed convection regime on the Ray-
leigh number and the forced flow direction was discussed 
earlier. In order to verify this, the "5 percent deviation rule" 
has been applied to the present results. Originally, Sparrow et 
al. (1959) established the rule as a criterion for pure, mixed, 
and forced convection in fluids. This rule states that a flow 
for which the heat transfer results differ by more than 5 percent 
from that for forced or natural convection is considered a 
mixed flow. Based on the numerical correlations in Fig. 14, 
the following criteria have been obtained: 
Natural convection regime: 
Mixed convection regime: 




Ra/Pe3 / 2> 17100 
0.2<Ra/Pe3 / 2<9800 0.6<Ra/Pe3 / 2< 17100 
<Ra/Pe 3 / 2 <0.2 
The corresponding mixed convection regimes at Ra 
100, 150, and 200 are: 





Ra = 200: 
Aiding flow 
0.030 < P e < 39.69 
0.047 < P e < 63.00 
0.062<Pe<82.56 
0.075 < P e < 100.00 
Opposing flow 
0.024<Pe< 19.08 
0.033 < P e < 30.29 

























where the standard deviation of the correlation is 0.101. 
Figure 14 compares the regression lines and experimental 
data for aiding and opposing flows. In the limit of natural or 
forced convection (Ra/Pe3/2 - 105 or Ra/Pe3 /2 - 10 ~2), both 
The above results confirm that the Nusselt number deviates 
from the natural and forced convection asymptotes at higher 
Peclet numbers as Ra increases, and that the mixed and forced 
convection regimes begin at lower Peclet numbers for opposing 
flows. It should be further noted that the transition from the 
mixed to forced convection in opposing flow occurs at Ra/ 
Pe3/2 = 0.6, which is different from the results of Reda (1988), 
i.e., Ra/Pe = 0.5. This discrepancy is apparently due to dif-
ferences in the radius ratio parameter, inlet and exit boundary 
conditions, criterion for the transition point, and ranges of 
the Peclet and Rayleigh numbers. 
Conclusion 
Mixed convection in a vertical annulus filled with saturated 
porous media has been numerically and experimentally inves-
tigated. Overall, the experimental data are in good agreement 
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with the numerical results for mixed convection in aiding and 
opposing flows. Particularly important for opposing flows, 
the decrease of the Nusselt number in a limited range of the 
Peclet numbers has been experimentally identified. Based on 
numerical results, correlations through nonlinear regression 
analysis have been obtained. For 50 .< Ra < 200 and 0.01 < 
Pe 200, the results are best correlated by Nu/Pe1 /2 and Ra/ 
Pe3/2. The results have been compared with the experimental 
data, and the comparison shows good agreement when Ra/ 
Pe3/2 > 1 , i.e, in mixed and natural convection regime. 
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